We present an adiabatic angular approximation, closely related to the infinite order sudden approximation, to treat rotational predissociation of triatomic van der Waals complexes formed by a rare gas atom and a diatomic molecule that is treated as a rigid rotor. The metastable states of the complex are obtained as discrete solutions of the SchrOdinger equation while the corresponding continuum solutions allow us to estimate the rates for rotational predissociation, within the framework of the Golden Rule approximation, after the relevant discrete-continuum dynamical couplings are calculated. Applications to the He-CO He-N , 2'
I. INTRODUCTION
A weakly bound complex, or van derWaals (vdW) molecule, usually consists of groups of atoms or molecules which are held together by intermolecular attractions. I These relatively weak interactions are of the order of a few tens and up to -100 wave numbers and are responsible for such phenomena as deviation of real gas mixtures behavior from ideality and for condensation of molecules into liquids and solids. The most popular class of vdW molecules, one that has attracted a great deal of experimental and theoretical attention, is the triatomic complex X' .. Be, where X represents a rare gas atom and Be a closed shell diatomic "target." Of particular interest has been the study of the mechanism by which the internal energy of Be, rotational and/or vibrational, is being transferrred to the vdW bond with the X atom, a process resulting in the dissociation of the complex into X and Be. 2 . 3 The study of the rotational predissociation (RP) aspect of the above process will be the subject of the present paper.
We have recently examined in detail the outcome of the RP mechanism for the He-eO system 4 by means of an accurate treatment of the corresponding collisional process that solves the relevant coupled equations and employs the resultant S-matrix elements to analyze the predissociating channels. 5 We also used in that case four different approximate procedures for estimating energy levels in the continuum so that they can guide the scattering calculations in selecting the most realistic range of collision energies where one should look for predissociating behavior.
Due to the character of this system, an adiabatic angular approach led to energy levels close to the exact ones, while a diabatic rotational approximation, successfully used in rare gas-fast rigid rotor complexes,6-8 only provided a qualitative picture of the energetics of the molecule. Since the agreement between diabatic energies and exact ones was not satis-factory, a diabatic rotational decoupling is therefore not expected to describe correctly the dynamics of RP in rare gas-slow rigid rotor complexes.
In this work we present an adiabatic angular picture of both the energetics of the triatomic molecule and the dynamics of its RP process. The model is closely related to the rotational infinite order sudden approximation (lOSA) used in scattering.problems.9-ll It takes advantage of the presence of fast vibrational and slow rotational motions within the complex to decouple rotations from the vibration ?fthe van der Waals bond, thus providing energy levels that, tn the He-CO case, are in good agreement with the exact levels. This is in itself of great interest since, in particular, the efficiency in the scattering calculations of resonances strongly depends on the accuracy of the estimated energies. Furthermore, one can also obtain continuum states and extend the model to calculate the discrete-continuum couplings arising through the angular operators in the Hamiltonian. They are, in turn, used to estimate widths for RP in the framework of the Golden Rule approximation. Due to the approximations involved in our treatment, the agreement between the calculated widths using the adiabatic and the exact approaches is only qualitatively good while the general features of the RP mechanism are well described with a great saving of computational effort. The application of the present model to He-N 2 and He-0 2 systems is also discussed and a similar behavior of the results is found in both the latter cases.
It is worth mentioning at this point that a similar study on the photodissociation of He-12 complexes was already carried out a while ago I2
(a) using model potentials for both the 12 stretch, the vdW stretching, and the binding motions. However, the present analysis employs for the first time the lOS decoupling in a different form and focuses on the RP processes via very realistic anisotropic potentials. The present systems also exhibit rotational motion of the diatomic species which is faster than in the 12 case, thereby extending the test of the lOS model.
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Section II reports the theoretical models employed and describes the various approximations, while Sec. III presents the results of the computations and discusses their physical significance.
II. THEORETICAL TREATMENT
We consider a triatomic van der Waals molecule X-BC, where X is a rare gas atom and BC a rigid rotor (RR) molecule. After separation of the center of mass of the whole system, the Hamiltonian for nuclear motion may be written as
where IL is the atom-diatom reduced mass, R is the distance between X and the center of mass of BC, while 0 is the angle between the vector R and that corresponding to the diatomic bond which we will call r. In Eq.
(1), I andj are the angular momentum operators associated with R and r, respectively, andBe is the rotational constant of the BC rotor. The potential V(R,O) represents the full van der Waals interaction. In order to obtain the spectrum of discrete states of the triatomic molecule as well as the various continua corresponding to the atomic and diatomic fragments, we follow a description close to that employed to study vibrational predissociation of the HeI2 system. 12 (a),12(b) Whenever the stretching frequency of the van der Waals bond is large compared with the rotational constant Be and the constant associated with the centrifugal motion, let us say Be = h 2/2p,R 2 where R is some reasonable mean value of the R distance, we may write the discrete wave functions as the product of a radial and weakly angular dependent function ¢ times an angular functionF:
A where R and r are unit vectors in the Rand r directions, respectively, with r = rlre and re being the equilibrium distance at which the diatomic bond is kept frozen. The discrete wave functions depend now on the quantum numbers nand m associated to the van der Waals stretching and the bending or oscillation in 0, respectively. The angular adiabiatic approximation thus consists in neglecting the 0 dependence, of the ¢ functions that hence become "transparent" to the action ofthe angular momentum operators, i.e., one can write
The latter functions, therefore, are found as solutions of the one-dimensional equations obtained for each 0 value chosen at an arbitrary orientation:
Substituting now Eq. (2) into the usual Schrodinger equation (5) and using Eqs. (3) and ( 4) we obtain, after multiplication by ¢* and integration over R, 
where { , } represents the usual anticommutator andAn (0) represents the mean value of l/R 2 in the ¢" state, i.e.,
The last integral is introduced in order to improve on the use of a simple average Ii value. Since this quantity no longer commutes with the [2 operator, we are forced here to include the necessary symmetrization. 13 Note that, from Eq. (6), the angular dependent eigenvalues of Eq. (4), W" (B), become now effective potentials for the bending motion of the complex. In order to solve Eq. (6), we expand the F functions via the "body-fixed" (BF) rotational basis set l 4--16:
where J is the quantum number associated to the total angu-
on the space-fixed z axis,j is the quantum number associated to j, and 0 corresponds to the projection of J (or equally, of j ) on the body-fixed z axis, i.e., R. The D are elements of the Wigner rotation matrix 17 and depend on the polar angles (OR' ¢R) ofR in the space-fixed system of reference, while Y are spherical harmonic functions depending on the polar angles (0, ¢) of r in the BF reference system. The representation of the angular momentum operators in the BF reference basis set is well known from the literature 18 :
The corresponding representation of the functions of 0, A,.,
and Wn in that basis may be obtained by an expansion in terms of Legendre polynomialsP" (cos 0),
and by further using the coupling expression 18 : With regards to the continuum states which describe the atom plus the diatomic fragment we can now use the usual infinite order sudden approximation and write the wave function as follows9-ll:
'" 'I1~~:,7(R,r)::::tPE.7(R;8) <R,rIJMjO),
where tP is solution of the equation
corresponding to the relative kinetic energy of the fragments E. The energy of the continuum states is thus given by
From here on, we shall neglect the contribution of the centrifugal term in Eq. (14) 
Note that if we choose 7 ;6 0 in Eq. (14), an additional term must be accounted for in the above expression, involving the overlapping of the radial functions, i.e., an integral of the following type:
(JMjOI (tPE, 7 (R; 8) ItPn (R; 8» Wn (8) IFnm (R,r» .
One now expands the radial part of the discrete wave function in terms of Legendre polynomials
and uses the explicit expression, Eq. (9), of the BF angular functions to rewrite the full wave function as
Using now the following well-known relations among angular functions l7 :
we obtain an appropriate expression for the discrete wave function
Hence, using Eq. (lOa) we have
By expanding again the radial integrals
by using the triangular condition for the Clebsh-Gordan coefficients as well as their symmetry propertyl7:
XC(j2JIJ3;m 2 ,m l ,m3) ,
and by further taking into account Eq. (12), we reach for the contribution of the f term to the discrete-continuum coupling the following result:
where P min = max(lk -/I;jj -A.i) and P max = min(k +/;j+A.) .
In a similar way, by expanding the integrals ( tPE (R;8) Il/R 2Iaj.n) (R» as follows:
and using Eq. ( lOb), the contribution of the second term may be written as
Finally, by using Eqs. (27) and (30) we can write the relevant discrete-continuum couplings in a compact form as follows:
From Eq. (31) it can be seen that the rotational predissociation of the complex is induced by the anisotropy of the potential. In fact, for an isotropic potential, only k = A = 0 remain in that expression and the discrete-continuum couplings then vanish. In the spirit of the Golden Rule approximation, we can also calculate the partial half-widths for RP pro~ cesses which exit into the (jfi) channel as being given by (32) III. RESULTS
The model described above has been applied to the systems He-CO, He-N 2 , and He-0 2 • We have used the potential energy surfaces for their rigid-rotor representation of 
;.
up to seven A values (with only the even values for He-N2
and He-0 2 ). In order to get a grid of points fine enough for numerical accuracy, spline interpolations were carried out in all cases. Furthermore, as described elsewhere,4 we have considered an extension of the C 6 and C 8 coefficients for each V;. (R) in order to increase the radial range of the full interactions.
The relevant angular range, [0,17'] forHe-COand [0,17'/ 2 J for the other cases, was divided into equally spaced sectors to solve Eqs. (4) and (14) at fixed angles. The convergence in the calculation of discrete levels was rapidly achieved by including 10 to 15 angles. However, up to 60 angles were needed to calculate convergent discrete-continuum couplings. The radial discrete equations (4) were efficiently solved by a mixed Truhlar and Numerov-Cooley procedure,28 while continuum energy normalized solutions ofEq. (14) were calculated by outward Numerov propagation of the wave function and by matching it to a sine behavior at large distances. 8 The expansions in terms of Legendre polynomials were done by a collocation procedure, whereby the necessary quadratures were calculated by using a h /3 Simpson's rule, with h being the step size of integration.
In Fig. 1 we plot the only existing eigenValue W for the He--CO system as function of 0 that corresponds to a stretching quantum number n = O. As a consequence of the high anisotropy of this system, the W function shows a marked oscillatory behavior as a function of orientation. The ground triatomic levels n = m = 0 for J = 0 and 1 are also plotted in this figure, showing that the equilibrium of the complex is the induced in the main by the polarity of the CO bond. For all the possible states corresponding to total angular momenta J = 0 and 1, and even parity, the energies and associated half-widths for rotational predissociation of the He-CO complex are listed in Table I . They are also compared with the exact calculations of Ref. 4.
For each triatomic level, the main diatomic rotational state involved is found by means of the dominant coefficient of expansion (8) and the squared value of that coefficient is also included in the table. In this way, the channel that supports the resonance can be identified and qualitatively provides the necessary physical picture which allows us to carry out the exact calculations. Only four levels were found in this system and, therefore, for diatomic excitations higher than j = 3 the complex does not exist. These energies are close to the exact ones with the exception of that corresponding to j = 2, that is overestimated by -0.27 cm -I. The widths are only in qualitative agreement with the exact ones and always come out to be larger than the latters. It is not an entirely surprising result if one considers the number of approximations involved in the present calculations, the most dubious being the use of the lOS approximation for very low energies and the neglect of discrete-discrete and continuum-continuum couplings. In fact, the agreement gets better whenever the kinetic energy between the fragments increases. It is however good to see that the model is able to predict the order of magnitude of the widths, that also describes correctly their relative distribution rIO < r 30 < r 20 and that efficiently produces the rotational labels of the correct RP channels which need to be included. Further results for this system, corresponding to states with J( p) = l( + ), are shown in Table II . With the exception of the only bound ground level, each level of J( p) = 1 ( + ) originates from the splitting of one level ofJ( p) = O( + ), i.e., the one with the associated width of the same order of magnitude. For j = 3, only the level which corresponds to n = 1 appears, since the splitting now carries the n = 0 level to an energy higher than the diatomic threshold, and is therefore lost in the continuum. The energies and widths have in this case a similar behavior to that shown for the J = 0 case. However, for the I j,n) = 11,1) level, we see that the splitting locates it at an energy which is so low that its width becomes meaningless. On the other hand, the partial widths indicate a preference of the diatomic fragment to exit by the nearest open channel. Also, in the J = 1 case, a propensity to conserve the "tumbling" quantum number during the fragmentation may be observed. For He-N 2 and He-0 2 , we plot in Fig. 2 the corresponding effective angular potentials Was functions of e. In both cases, only the n = 0 stretching level appears at every angle. The potentials of this figure are much softer than that of Fig. 1 , but the corresponding depths are also larger than in the former case, indicating once more that these systems have a similarly large anisotropy. We have also plotted in this figure the ground triatomic levels n = m = 0 corresponding to J( p) = 0, 1 ( + ) for both complexes.
They show their equilibrium configurations to be around the T-shaped geometry and, in the He-N z case with J = 0, the bending motion is confined to take place within a narrow angular region. For He-0 2 , the actual ground level corresponds to J = 1 because the only existing diatomic states are those with odd quantum numbers j = 1,3, ... as a consequence of the electronic configuration of O 2 in its ground state. For J = 0, the n = m = 0 level in He-0 2 is shifted from e = 1T/2, and O 2 rotates almost free within the complex. For the He-N z case the presently computed energy levels and the corresponding half-widths for the RP mechanism are shown in Table III . The exact values obtained by solving the close-coupled (ee) equations of the scattering process are also reported. They correspond to even parity states, with J = 0 and 1 as do the approximate calculations of the table. The considered rotational states in the example calculated are those with odd quantum numbers, i.e., with j = 1,3,5, .... Obviously, the even-quantum rotational state also exist and give rise to an entirely similar pattern of rotational predissociation breakdown.
The general considerations which were made for the He-CO system are also applicable in the present case, although a few interesting differences are worth mentioning: Due to the increase of the rotational constant for the diatom the approximate energies are now less close to the exact ones, while the approximate r values are here reproducing very well the correct ones for a nonrotating complex but are less accurate as the total angular momentum increases. Moreover, the propensity for not conserving the n value is here exhibited by the computed widths, as opposed to what was shown by the He' .. eo example.
Finally, Table IV reports the present calculations for the He-O z system. In both cases odd rotational quantum both energy positions and widths that are in very good agreement with the exact calculations, as the diatomic fragment is here the slowest of the RR examined and therefore the present adiabatic angular approximation provides a very adequate description of its RP mechanism. It is also instructive to examine the behavior of the rotationally diabatic 6 potential energy curves for the above systems as a function of the target rotational states. They provide a rather direct link, in fact, between the strength of the anisotropy in the interaction, as function of bond stretching along the vdW motion, and the coupling between target states that is given by such an interaction. Figure 3 reports the shape of such inelastic (off-diagonal) potential curves for He-N 2 at J tot = 0 and clearly shows the dominance of the !::.j = 2 coupling over the other terms. In contrast, the He-CO system showed quite comparable couplings between thej = 0 state and thej = 1 andj = 2 state.
4
The differences between the elastic coupling and the inelastic curves is shown in Fig. 4 for the He' .. O 2 case, where one clearly sees that the rotationally diabatic approach does not realistically describe the present systems as it suggests very little off-diagonal coupling, hence much narrower RP widths than those shown by the present calculations. Figure  5 , however, compares the relative strengths of the inelastic couplings for the same system and shows once more the dominance of the coupling between neighboring levels, as indicated by the He' .. N2 case. The coupling, on the other hand, appears here to be weaker than in the case of N2 targets (see Fig. 3 ) and therefore qualitatively confirms the finding of smaller widths for the former system as compared with the latter shown by the present calculations of Tables  III and IV. In conclusion, we have presented an adiabatic angular model to treat the rotational predissociation of rare gasdiatomic molecules vdW complexes, whereby one takes ad- vantage of the differences existing between the fast motion of the light rare gas along the vdW coordinate and the slower rotation of the diatom during the bending motion within the complex. The physical situations usually studied have belonged to a class of complexes at the other extreme of the scale, since they have involved fast rotors coupled to heavier rare gases,23-25 and therefore the models developed for them 6 ,12 are wholly inadequate for the polyelectronic diato- mics studied here. On the other hand, the present inclusion of adiabaticity within the angular variables seems to catch the correct physics of the RP processes in these new complexes as the calculations show to predict energy levels very accurately and are therefore effective in guiding rigorous calculations that might be carried out in the region given by their estimates. The full coupling that controls half-width values, on the other hand, appears to be necessary to provide correct estimates for computed r's as the angular decoupiing only provides qualitative agreement with exact, converged CC calculations. The fact that the correct order of magnitude was however given by the present model is already a further assurance of the basic validity of its physical assumptions, as it is well known that r calculations are very sensitive to the nature of the intracomplex coupling chosen to generate them. 
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